Abstract. This paper presents an application of radioisotopes with reference to the determination of the solid phase volumetric concentration in a hydromixture by calibration of the measuring set. It shows how the gamma absorption equipment consisting of radioactive isotopes 241 Am and scintillation probe, may be applied to the measurement of solid particles volumetric concentration in a flow. It is based on fact that the intensity of a gamma beam decreases as it passes through matter. In the described experiments as solid phase the ceramic models representing natural polymetallic ocean nodules were used. The especially constructed calibration stand and obtained relation between the related intensity of radiation and mean volumetric concentration of the solid phase are presented.
Introduction
Polymetallic nodules occur on the bottom of seas and oceans. They are solid structures of organic and mineral compositions which contain a various metals (mostly Mn, Si, Fe, Al, Na, Mg, Ni, K, Cu) [1] [2] [3] [4] . The mining of nodules using the hydraulic method requires grain vertical transport by water. To determination of the solid phase volumetric flow rate in pipeline it is necessary to know the volumetric concentration of nodules and their velocity. For this purpose the method based on gamma ray absorption was proposed [5] [6] [7] [8] [9] [10] .
The idea of gamma-ray absorption measurement is presented in figure 1 . The gamma absorption is based on exponential decreasing of a monoenergetic gamma beam in function of composition and geometry of absorbent:
where I 0 is the inlet to absorbent radiation intensity, I is the outlet intensity detected after the beam has traveled a distance x through the absorbing materials, η and μ represents consequently the density and mass absorption coefficient of these materials [11] [12] [13] [14] . The sealed radioactive sources emit gamma radiation beams shaped by collimators (1) . Photons pass through the pipeline with analyzed mixture (3) and are achieved by the detector (2) . In the presented experiment linear 241 Am source with energy of 59.5 keV and probe with NaI(Tl) scintillation detectors are used.
Using two sets of source -probe presented in figure 1 we can measure the averaged velocity of the solid phase [6] [7] [8] [9] [10] . At the same time one of these sets can be used to determination of the volumetric concentration of solid particles.
In this work we use data recorded on the experimental laboratory stand built up in the Water Laboratory of the Wroclaw University of Environmental and Life Sciences (Poland) for investigation of the polymetallic nodules hydrotransport in a vertical pipe with a inner diameter 150 mm. In the described experiments as solid phase the ceramic models representing three grain sizes (up to 70 mm) of natural polymetallic ocean nodules was used. The density of the particles representing the nodules was 2000 kg / m 3 . The ceramic models of nodules are shown in figure 2. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 4.0, which permits distribution, and reproduction in any medium, provided the original work is properly cited.
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Determination of volumetric concentration of solid particles
The volumetric concentration in liquid-solid particles flow is defined as the ratio of the solid phase volume to the total volume of the mixture:
where V W is water volume, V S = V S1 +V S2 +... is the sum of the volume of solid particles in the analyzed section dz of the pipe. Figure 3 presents the essential parameters for determination of volume concentration. Passing to the limit dz → 0, the volumetric concentration of cross-section is defined as [15] :
where: A = π·d 2 / 4 -cross sectional surface of the pipe, d -inner diameter of the pipe, A S and A W -cumulative cross sectional surfaces of the solid phase and liquid phase respectively.
The weakening of radiation in a mixture of concentration C VP transported through pipeline can be described by the differential equation:
where μ C is the relative volumetric absorption coefficient.
For the boundary conditions that occur during the measurement the solution of equation (4) is:
where I 0 is the intensity of radiation recorded by the probe, where the pipe is filled with water only (C VP = 0).
Because it is difficult to consider all the phenomena of absorption of radiation and its detection, experimental calibration on the laboratory stand is necessary. 
Experimental setup and calibration procedure
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The stand consists of a universal measuring trolley (1) with the possibility of vertical travel, the controlled switch (5) and the calibration section of the pipeline (4). The fragment containing the test pipe with liquid-solids mixture was placed in the same way as during the nodule hydrotransport measurements. The gamma beams of radiation formed through collimator (3) and (2) pass through the pipeline at a predetermined height.
The mixture was prepared in such way that in the test section of pipe a real nodules concentration was reconstructed:
x for C VP range of 0.400 ÷ 0.700 models filled the entire volume of the pipe, x for C VP range of 0.180 ÷ 0.400 the additional thinwalled plastic container with dimensions of 110 mm × 120 mm × 200 mm was used, x for C VP range of 0.010 ÷ 0.180 the fragment of the cone with diameters of Ø 80 to 85 mm and a height of 250 mm was used. In order to determine the concentration, the pipe was progressively filled with water. The thickness of each layer of water was measured by using a laser range finder and caliper gauge. During refilling with water, the test section of the pipeline was placed on the scale, which allowed measurement of the mass increase of a further layer of the liquid.
During calibration the volumetric concentration of the solid phase C VP was determined from the relationship:
where m W is the weight of the respective water layer having a thickness dz, and ρ W is density of water. For each layer a series of 18000 measurements of radiation intensity was made. Each time the background radiation was measured before and after experiment. To properly map the distribution of solid particles in the pipeline, container was additionally rotated of angles from 45° to 180° during the measurement.
As a result of the study the following calibration curve was obtained using a linear least squares fitting technique:
where regression coefficients are: a = -2.58 ± 0.06 and b = -0.23 ± 0.03 at coefficient of determination R 2 = 0.99. The graph of the obtained straight line is shown in figure 5 .
Dependence (8) allows to determining the average volume concentration of solid phase in nodules hydrotransport measurements conducted at the research installation. 
Exemplary results
To use the calibration curve in practice, they are essential reference measurements, which are carried out to the water itself. This allows to find the point for which the value C VP = 0. Thus this enables temperature compensation and taking into account the stability of the apparatus. It should be noted that the slope of the function is unchanged, because it is associated solely with the composition of the transported mixture.
The curve shown in figure 5 were used in the studies of hydrotransport of ceramic models of polymetallic nodules conducted in the Water Laboratory of the Wroclaw University of Environmental and Life Sciences. For example, figure 6 presents the results obtained in the experiment WRS039. The line with points shows the evolution of the concentration of the solid phase for the averaging in the time interval of 10 seconds. Whereas the horizontal straight line shows the average value for the whole measurement (300 seconds). 
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The average value C VP for the whole measurement presented in figure 6 is equal to 0.057 ± 0.003. The C VP values averaged in time interval of 10 seconds are characterized by relatively high volatility in the range from 0.030 to 0.080. This means that the grains of the solid phase not flowed continuously but formed clusters, between which there was only water.
The measurement accuracy of C VP was determined with law of propagation of uncertainty [16] . In the case of use of the calibration line the fluctuations in the intensity of radiation I should be considered. They are the result of the statistical nature of radioactive decay and are described by the standard uncertainty [17] :
On the basis of the analysis we can be stated that the uncertainty of the average volumetric concentration of solid phase in the flowing mixture does not exceed 10%.
Conclusions
For determination of volumetric concentration C VP using gamma absorption it is necessary to calibrate a measuring set of source of radiation -scintillation probe.
Implementation of the calibration procedure required to build a laboratory stand for which reconstruction of fragment of pipeline and modeling of the flow structures were conducted. The resulting calibration dependence allows the determination of the average volumetric concentration of solid phase for the measured radiation intensity. On the basis of the C VP value and the velocity of the solid phase we can determine the volumetric flow rate of the nodules [15] .
The advantage of the presented solution is to use the same absorption set to measure of both: the volumetric concentration of the solid phase and their average velocity [6] [7] [8] [9] [10] . This allows the determination of the volumetric flow rate of the solid phase additional detectors or independent measurements. Described in the paper calibration procedure can be in the future replaced by simulations, using e.g. MCNP software.
